Conversely, significant relationships between morphology and ecology can occur due to phylogenetic factors. The integration of phylogenetic information and ecomorphological analyses is the only way to objectively identify cases of morphological and adaptive convergence and divergence (CASATTI & CASTRO 2006) . Importantly, this fusion allows the comprehension of larger evolutionary patterns within the communities (PERES-NETO 1999) .
Astyanax encompasses morphologically diverse species that are highly abundant and widely distributed in the São Francisco River Basin. For this reason, these species can be good models for ecomorphological studies. Comparing the ecomorphology of populations of two species of Astyanax inhabiting streams characterized by different substrate types, this study addressed the following questions: I) are there intraspecific, differences in morphology related to the different stream substrate types?; and II) do different species show the same substrate related morphological differences?
MATERIAL AND METHODS
We conducted the present study in 12 1 st -3 rd order tributaries ( Fig. 1 ) of the reservoir of the Três Marias hydroelectric dam (UHE Três Marias) located in the Upper Rio São Francisco Basin, in the Brazilian cerrado (Table I ). The study area is characterized mainly by pasture and small family farms as well as small cities and towns (LIGEIRO et al. 2013) .
the stream width, with the total length divided into 10 sections. Within each section, 15 equidistant measurements of the following substrate classes was made: "fine" (silt, clay, and/ or sand, from 0 to 2 mm), "gravel" (fine gravel, coarse gravel, and/or block, from 2 to 250 mm), "rock" (boulders, wide boulders, and smooth and/or rough rocks, > 250 mm), and "leaf bank". The dominant substrate of each stream was defined as the one that occurred in 50% or more of the positions within that stream.
Morphometric analyses were obtained from 131 adult individuals of Astyanax intermedius Eigenmann, 1908 and 240 of Astyanax rivularis (Lütken, 1875) . Specimens of both species are deposited in the Coleção Ictiológica da UFLA at the Universidade Federal de Lavras (CIUFLA 307 and 308). We obtained a total of 21 linear and six area measurements for each specimen and selected these measurements based on WINEMILLER (1991), CASATTI & CASTRO (2006) , OLIVEIRA et al. (2010), and LEAL et al. (2011) . Linear measurements were made using a digital caliper (0.01 mm precision), and area measurements were obtained from drawings of the contours of the body and fins of the individuals. The drawings were then scanned and their areas calculated using the program ImageJ. From these measurements, 22 ecomorphological attributes were calculated: 1) Compression index (CI): the maximum body depth divided by the maximum body width (GATZ 1979) . High CI values indicate laterally compressed fishes inhabiting environments with slowflowing waters (WATSON & BALON 1984) . 2) Relative depth (RD): the maximum body depth divided by the standard body length (GATZ 1979) . RD is inversely related to water velocity and directly related to the fish's ability to perform vertical movements (GATZ 1979) . 3) Index of ventral flattening (IVF): the average body height (vertical distance from the midline to the ventrum, with the midline defined as an imaginary line crossing the eye pupil towards the center of the ultimate vertebra) divided by the maximum body depth (GATZ 1979) . Low IVF values indicate fishes living in environments with fast-flowing waters; these characteristics enable the fish to stay in position with no swimming (HORA 1930) . 4) Mouth orientation (MO): the angle formed between the tangential plane to both lips and the perpendicular plane to the longitudinal axis of the body when the mouth is open (GATZ 1979) . MO is characterized as follows: superior = between 10° and 80°; terminal = 90°; inferior = between 100°; and 170° and ventral = 180° (FREIRE & AGOSTINHO 2001) . Degree values were converted to a decimal scale where 1° = 60 (CASSATI & CASTRO 2006) . 5) Relative eye position (REP): the depth of the eye at the midline divided by the head depth (WATSON & BALON 1984) . REP is assumed to be related to vertical habitat preference (GATZ 1979) , and high values correspond to benthic fishes with dorsally located eyes (WATSON & BALON 1984) . 6) Relative eye area (REA): this index is related to food detection and provides information on the use of vision in predation activities (PANKHURST 1989 , POUILLY et al. 2003 . 7) Relative height of head (RHH): the head depth divided by We collected the data during September 2010, and each stream was sampled once. We collected fish using seines and kick nets, labeled them and fixed them in a 10% formaldehyde solution.
The substrate characterization of each stream was conducted through a visual estimation along a stretch of 40 times the body depth (OLIVEIRA et al. 2010) . Larger relative values of head height are found in fishes that feed on larger prey. Larger values for this index are expected for piscivores (WINEMILLER 1991 , WILLIS et al. 2005 . 8) Relative width of head (RWH): the head width divided by the body width (OLIVEIRA et al. 2010) . Larger relative values of head width are found in fishes that feed on larger prey. Larger values for this index are expected for piscivores (WINEMILLER 1991 , WILLIS et al. 2005 . 9) Relative head length (RHL): the head length divided by the standard length (GATZ 1979) . Larger relative values of head length are found in fishes that feed on larger prey. This index should be larger for piscivores (WATSON & BALON 1984 , WINEMILLER 1991 , POUILLY et al. 2003 , WILLIS et al. 2005 . 10) Relative caudal peduncle length (RCPL): the caudal peduncle length (distance from a vertical line at the level of the posterior margin of the base of the most posterior median fin to the terminus of the vertebral column) divided by the standard length (GATZ 1979) . Fishes with long caudal peduncles are goods swimmers. However, fishes adapted to rapid water flow, but not necessarily nektonic as armored catfishes, also presented long caudal peduncules for propulsion over short distances (HORA 1930 , WATSON & BALON 1984 , WINEMILLER 1991 . 11) Caudal peduncle compression index (CPCI): the depth of the caudal peduncle divided by the width of the caudal peduncle taken at the narrowest section (GATZ 1979) . High values indicate compressed peduncles, and this feature is assumed to be typical of less active swimmers (GATZ 1979) . 12) Relative height of caudal peduncle (RHCP): the peduncle height divided by the body depth (OLIVEIRA et al. 2010) . Lower values indicate greater maneuverability potential (WINEMILLER 1991). 13) Relative width of caudal peduncle (RWCP): the peduncle width divided by the body width (OLIVEIRA et al. 2010) . Higher relative values indicate better continuous swimmers (WINEMILLER 1991). 14) Caudal fin aspect ratio (CFAR): the square caudal fin depth divided by the caudal fin area (GATZ 1979) . This index is directly proportional to the amount of swimming by a fish (GATZ 1979) . 15) Pectoral fin aspect ratio (PcFAR): the pectoral fin length divided by its width (GATZ 1979) . High values suggest long fins typical of fishes with remarkable swimming ability (WATSON & BALON 1984) . 16) Pelvic fin aspect ratio (PlFAR): the pelvic fin length divided by its width (GATZ 1979) . Low values are observed in fishes that use their pelvic fins for braking and swimming forward, while high values are observed in fishes that use their pelvic fins to swim backwards and to maintain their position in the water column (GATZ 1979) . 17) Relative pectoral fin length (RPcFL): the pectoral fin length divided by the SL (GATZ 1979) . High values correspond to fishes that are able to perform many slow maneuvers and inhabit slowflowing waters (GATZ 1979) . 18) Relative pelvic fin length (RPlFL): the pelvic fin length divided by the SL (GATZ 1979) . This index relates to the choice of habitat and is longer in rocky habitat-dwelling species and shorter in nektonic species (GATZ 1979 We performed a principal components analysis (PCA) based on the morphological attributes to observe specimen distribution in morphological space. This ordination technique enables the simultaneous evaluation of several variables. The first two axes, representing the higher values of explained variance, were retained for biological interpretation.
We performed discriminant function analyses (DFA) for each species separately using the default method of Statistica 7.0 (STATSOFT 2004). We used this approach to search for ecomorphological differences between individuals from different substrates. In DFA, the squared Mahalanobis distances are used to measure the distances between the centroids of each group. The farther one group is from another group, the greater confidence is that they are different (STATSOFT 2004 ). Afterwards, we tested the attributes selected by the DFA for differences by analysis of variance (ANOVA) or by Kruskal-Waliis when assumptions of normality and homogeneity of variance were not met. The Tukey test or Fisher LDS (Post-Hoc) were subsequently applied to identify groups of streams responsible for the differences. The analyses were performed using Statistica 7.0 (STATSOFT 2004).
RESULTS
The first two PCA axes for A. intermedius accounted for 29.0% of the variance; the first axis represented 18.1%, and the second axis 10.9% (Fig. 2) . The contributions of the variables to the PCA axes (Table II) showed that the pelvic fin aspect ratio and the pectoral fin aspect ratio negatively influenced the first axis. Moreover, the relative pelvic fin area, the relative pectoral fin area, and the relative dorsal fin area positively influenced the first axis. The second axis had a positive contribution from the relative width of the caudal peduncle and a negative contribution from the caudal peduncle compression index.
The ecomorphological gradient indicates that on the first axis there was high segregation among individuals present in the streams with a fine, rocky substrate, while they overlap on the second axis. The ecomorphological attributes that most contributed to the observed differences were as follows: the compression index (CI), the relative width of the caudal peduncle (RWCP), the relative width of the head (RWH), and the relative dorsal fin area (RDFA) ( Table III) . The percentage of individuals within each group was 88.3% for the fine substrate and 80% for the rocky substrate.
We chose the first two PCA axes for the interpretation of the A. rivularis data. The first axis explained 14.6% of the variance, and the second axis accounted for 14.0% (Fig. 3) . The contributions of the variables to the PCA showed that the first axis was negatively influenced by the relative height of the caudal peduncle, the relative pelvic fin area, and the relative pectoral fin area, and it was positively influenced by the pectoral fin aspect ratio (Table II) . In the second axis, relative head length had a positive contribution, and relative caudal peduncle length and relative depth made negative contributions. It can be observed that for A. rivularis, the population from streams with abundant leaf banks appeared to be more segregated from the others in relation to the second axis of the PCA gradient, but the discriminant analysis still showed that all substrates were different. The discriminant function analysis showed significant differences among the ecomorphological attributes of populations of A. rivularis present in different substrate types (Wilk's = 0.182, F 66,633 = 7.39, p < 0.01). The attributes that contributed most to this result were the compression index, the relative head length, the relative width of head, the relative eye position, the caudal fin aspect ratio, the pectoral fin aspect ratio, the relative caudal fin area, the relative pectoral fin area, and the mouth orientation (Table III) . All Mahalanobis distances were significantly different (p < 0.05) for the substrate pairs. The percentage of individuals within each group was 95.7% for the fine substrate, 51.6% for the rocky substrate, 83% for the gravel, and 76.9% for the leaf bank. When separately evaluating the ecomorphological attributes of A. intermedius by discriminant analysis, streams with rocks showed lower values for the compression index (F (1, 125) = 12.6, p < 0.01) and the relative dorsal fin area (F (1,125) = 53.5, p < 0.01). However, no differences were found among the substrates for the values of the relative width of the caudal peduncle (F (1,125) = 0.08, p = 0.76) or for the values of the relative head width (F (1, 125) = 1.71, p = 0.19) (Fig. 4) .
For A. rivularis, the ecomorphological attributes indicated by the discriminant analysis differed primarily for the leaf bank substrate when compared with the other substrates. In streams with a leaf bank substrate, we observed lower values for the relative head length (RHL) and the relative eye position (REP) as well as greater values for the mouth orientation (MO). Populations from streams with a predominantly gravel substrate showed increased values for the relative caudal fin area (RCFA). For the other attributes, differences occurred between pairs of substrates, but there were no clear patterns (Fig. 5) .
DISCUSSION
Ecomorphology studies the relationship between morphology and ecology across individuals, populations, and communities, and it examines the evolutionary consequences of these relationships, which are primarily adaptive convergence and divergence (GATZ 1979 , WINEMILLER 1991 . Comparisons ZOOLOGIA 31 (1): 42-50, February, 2014 between related organisms occupying different habitats have been used as evidence of the role the environment plays in evolution and of the number of optimal adaptive solutions to a given habitat (CODY & MONEY 1978) . Adaptive characteristics are those for which adaptive convergence occurs between different groups or for which adaptive divergence occurs within a group. Thus, these adaptations occur as evolutionary novelties for individuals and require minimal knowledge of the phylogenetic relationships between groups. The integration of phylogenetic information and ecomorphological analysis is the only way to identify cases of morphological and adaptive convergence and divergence, allowing the understanding of evolutionary patterns within communities (PERES-NETO 1999) .
In the present study, we detected significant morphological differences among populations of A. rivularis and A. intermedius present in streams with different types of substrates. This finding confirmed the hypothesis that individuals from environments with different characteristics (i.e., velocity, depth, and substrate type) may have different ecomorphological patterns (LANGERHANS et al. 2003 , NEVES & MONTEIRO 2003 , LEAL et al. 2011 . Our findings also support the idea that the morphology of individuals is shaped by different environments with different selection pressures, resulting in adaptations in body shape (LANGERHANS et al. 2003 , JACKSON et al. 2001 . However, in this study, the two species did not exhibit the same differences in morphological attributes across substrates. Our study did detect ecomorphological differences between fish from rocky streams and fish from other substrates, with lower values observed for the compression index and the relative dorsal fin area for A. intermedius in rocky streams. These differences may be related to the faster water velocity in these streams. According to WATSON & BALON (1984) , greater compression index values indicate laterally compressed fishes, which tend to reside in locations with a slow water velocity. The fin is responsible for the stability of the fish, and it is thought that dorsal fins with small areas are more effective in faster waters (GOSLINE 1971) .
For A. rivularis, the attributes differed primarily between fish from the leaf bank substrate and fish from the other substrate types. Fish from the leaf bank substrate exhibited reduced values for the relative head length and the relative eye position as well as greater values for mouth orientation. The relative head length value is directly related to the size of the prey; therefore, larger values suggest predatory species of relatively large prey (GATZ 1979) . Mouth orientation can reflect a species' foraging behavior, and the greater values here likely related to increased resource supply within the leaf bank, as many invertebrates are associated with this type of substrate. The importance of the substrate type for the composition of the stream benthic macroinvertebrate community is widely recognized in the literature and results from the differential availability of food resources and refuge from predation or flow disturbances (LIGEIRO et al. 2010) . The importance of riparian vegetation inputs for stream substrates has also been emphasized by ANGERMEIER & KARR (1984) and JACKSON et al. (2001) . These substrates locally modify the water flow and attract fish to these lower energy areas, in addition to being suitable areas for foraging, providing protection from predators, and serving as a substrate for aquatic invertebrates. Through these studies, accompanied by the significant results observed for the leaf bank substrate in our study, it is possible to highlight the ecological importance of the organic matter input in streams. CASSATTI & CASTRO (2006) documented both a case of ecomorphological divergence between phylogenetically close Loricariidae species, indicating that the divergence occurred before their differentiation, and a case of ecomorphological convergence among Characidiinae and Parodontidae, which are phylogenetically distant groups. In our study, the two phylogenetically close species showed different ecomorphological attributes and thus represent adaptive divergence.
Considering that species morphology is associated with habitat use and resource availability (GATZ 1979) , the loss and modification of habitats could directly affect the permanence of a species (CUNICO & AGOSTINHO 2006) . Therefore, several aspects of physical habitat (i.e., stream size, channel gradient, habitat complexity and cover, channel morphology, substrate, and channel-riparian interactions) should be emphasized, as they might be impacted by human activities in different ways, resulting in habitat loss or homogenization (KAUFMANN et al. 1999) . The loss of natural flow regimes have different impacts on the distribution of biodiversity in space and time, as well as on the functions and services provided by aquatic ecosystems (NILSSON et al. 2005) .
We detected significant ecomorphological differences among the populations of A. rivularis and A. intermedius from habitats with different types of substrates. However, the two species did not show the same morphological differences depending on the type of substrate. These results confirmed the hypothesis that individuals from environments with different characteristics may have different ecomorphological patterns. Knowing that species morphology is associated with habitat use and available resources, the loss and modification of these factors may directly affect the permanence of a species and can cause a loss of morphological diversity.
